AbsTrACT background and aims interruption of the enterohepatic circulation of bile acids (Bas) may protect against Ba-mediated cholestatic liver and bile duct injury. Ba sequestrants are established to treat cholestatic pruritus, but their impact on the underlying cholestasis is still unclear. We aimed to explore the therapeutic effects and mechanisms of the Ba sequestrant colesevelam in a mouse model of sclerosing cholangitis.
Methods Mdr2
−/− mice received colesevelam for 8 weeks. gene expression profiles of Ba homeostasis, inflammation and fibrosis were explored in liver, intestine and colon. Hepatic and faecal Ba profiles and gut microbiome were analysed. glucagon-like peptide 1 (glP-1) levels in portal blood were measured by eliSa. Furthermore, Mdr2 −/− mice as well as wild-type 3,5-diethoxy-carbonyl-1,4-dihydrocollidine-fed mice were treated with glP-1-receptor agonist exendin-4 for 2 weeks prior to analysis. results colesevelam reduced serum liver enzymes, Bas and expression of proinflammatory and profibrogenic markers. Faecal Ba profiling revealed increased levels of secondary Bas after resin treatment, while hepatic and biliary Ba composition showed a shift towards more hydrophilic Bas. colonic glP-1 secretion, portal venous glP-1 levels and intestinal messenger rna expression of gut hormone Proglucagon were increased, while ileal Fgf15 expression was abolished by colesevelam. exendin-4 treatment increased bile duct mass without promoting a reactive cholangiocyte phenotype in mouse models of sclerosing cholangitis. Microbiota analysis showed an increase of the phylum δ-Proteobacteria after colesevelam treatment and a shift within the phyla Firmicutes from Clostridiales to Lactobacillus. Conclusion colesevelam increases faecal Ba excretion and enhances Ba conversion towards secondary Bas, thereby stimulating secretion of glP-1 from enteroendocrine l-cells and attenuates liver and bile duct injury in Mdr2 −/− mice.
InTroduCTIon
Bile acid (BA) sequestrants such as colesevelam are anion exchange resins that complex BAs in the intestinal lumen, thus decreasing BA reuptake and enterohepatic circulation. BA sequestrants have been primarily used for lowering serum cholesterol and treatment of cholestasis-associated pruritus 1 as well as BA-induced diarrhoea. 2 Interestingly, colesevelam has been reported to improve serum BA levels 3 and colestyramine to improve cholestatic liver enzymes in patients with primary sclerosing significance of this study What is already known on this subject? ► Hepatology cholangitis (PSC), 4 suggesting potential anticholestatic and bile duct-protective properties. Resins stimulate BA signalling via the Takeda G protein-coupled receptor 5 (TGR5) 5 while repressing colonic farnesoid X receptor (FXR), 6 thereby promoting secretion of glucagon-like peptide 1 (GLP-1) from enteroendocrine L-cells. 6 Notably, the GLP-1 analogue exendin-4 has also cholangioprotective effects in primary cholangiocytes as well as in bile duct ligated rats, 7 8 in addition to its beneficial metabolic effects. 9 Although both inhibitions of apical sodium-dependent bile salt transporter (ASBT) as well as administration of BA sequestrants result in interruption of enterohepatic circulation of BAs and improvement of cholestatic features, 4 10 11 their mechanism of action may differ. In contrast to complex binding of BAs through resins, the recently developed inhibitors of ASBT enhance the excretion of unbound BAs into intestine, where they can signal intracellularly via FXR, thereby inhibiting GLP-1 expression/ secretion. 6 We hypothesise that BA resin treatment results in reduced liver and bile duct injury in the Mdr2 −/− mouse (as a model of sclerosing cholangitis) by modulating faecal as well as biliary BA content and composition, favouring formation of endogenous BAs that stimulate TGR5, which in turn induces cholangioprotective GLP-1 production.
MATerIAls And MeTHods Animals

FVB/N wild-type (WT) and Mdr2
−/− mice obtained from Jackson Laboratory (Bar Habor, Maine, USA) were housed in a 12 hours light/dark house facility with water and standard chow diet (SSNIFF, Soest, Germany) ad libitum.
Feeding protocols
Colesevelam (BA sequestrant) was a generous gift from Dr Alan F Hofmann. Eight weeks old male Mdr2 −/− mice received either control diet or a diet supplemented with 2% (w/w) colesevelam for 8 weeks.
In another series, Mdr2 −/− mice were injected once daily with exendin-4 (Sigma-Aldrich, Vienna, Austria) (0.1 µg/kg) for 2 weeks. Eight-week-old male FVB/N WT mice receiving 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) for 17 days were injected with exendin-4 (0.1 µg/kg) once daily. The experimental protocols were approved by the local Animal Care and Use Committee (BMWFW-66.009/0315-WF/3b/2014).
routine serum biochemistry and histology
Serum biochemistry and histological staining was performed as described previously.
10
Immunohistochemistry
Detection of hepatic cytokeratin (CK) 19, F4/80, Ki67, vascular cell adhesion protein 1 (VCAM-1) and osteopontin (OPN) was performed as described previously. 12 13 Immunohistochemistry (IHC) was also performed for GLP-1 in colon slices. In Mdr2 
Hepatic hydroxyproline content
To quantify liver fibrosis, hepatic hydroxyproline was measured from a standardised liver lobe as described previously. 14 
Hepatic, biliary and faecal bile acid analysis
Hepatic, biliary and faecal BA profiles were acquired using ultraperformance liquid chromatography tandem mass spectrometry as described previously. 15 
s rrnA microbiome analysis
16 s rRNA microbiome analysis was performed as described previously.
16
Messenger rnA analysis and PCr RNA isolation from liver and intestine, complementary DNA synthesis and real-time PCR were performed as described previously. 17 Oligonucleotide sequences are available on request.
Western blot analysis
Protein expression was quantified as described previously.
18
GlP-1 elIsA
Blood was collected from portal vein. The GLP-1 (Active 7-36) ELISA (Catalogue Number: 43-GP1HU-E01, ALPCO) was conducted according to the manufacturer's instructions.
statistical analysis
Results were evaluated using SPSS V.20.0. Statistical analysis was performed using student`s t-test. Data were reported as means of five to seven animals per group±SD A p value ≤0.05 was considered significant. 
resulTs
Colesevelam treatment improves cholestatic liver injury in
Hepatology sevenfold in Mdr2
−/− mice (figure 5B). Notably, the sinusoidal BA uptake machinery Na + /taurocholate cotransporting polypeptide was increased at protein level by colesevelam feeding while expression of the canalicular BA export pump bile salt export pump did not differ between the groups (see online supporting figure 4B). Ileal mRNA expression of Fxrα (figure 5C), its target hormone Fgf15 and Proglucagon was also assessed (figure 5D). Ileal Fxrα mRNA expression was reduced by colesevelam and in line, Fgf15 mRNA was completely abolished under resin treatment, while Proglucagon was induced fivefold (figure 5D), indicating that colesevelam feeding may have differential impact on FXR and TGR5-dependent regulation of gene expression. Notably, gene expression of the inflammatory marker Mcp1 was reduced in the terminal ileum of colesevelam fed Mdr2 −/− mice ( figure 5D ). Of particular interest, Proglucagon mRNA expression is also increased in the colon of colesevelam-treated Mdr2 −/− mice ( figure 5E ). Bile flow as well as biliary HCO 3 -and BA output were not influenced by colesevelam feeding ( figure 6A-C) . Rather, hepatic and biliary BA concentrations increased, 8-fold and 1.4-fold (data not shown), respectively, while their profiles showed a shift towards a more hydrophilic BA composition with taurine-conjugated muricholic acids (MCAs) consisting 51% and 56%, respectively ( figure 6D and E) . 
Colesevelam treatment modifies faecal bA output and composition
Colesevelam treatment modifies gut microbiome
16srRNA microbiome analysis revealed an increase in the phylum Proteobacteria in Mdr2 −/− mice treated with colesevelam (9% vs 5% in the control group) (see online supplementary figure 5A ). More specifically, this increase resulted from elevated abundance figure 7A) . Accordingly, GLP-1 concentrations in portal blood of BA resin fed animals tended to be increased (figure 7B). Importantly (given the differential impact of FXR vs TGR5 on GLP-1 secretion), mRNA (figure 7C) as well as protein expression levels of (proximal) colonic FXR were reduced in colesevelam-fed Mdr2 −/− mice compared with controls ( figure 7D) . Also, the expression of the FXR downstream target Ibabp was reduced at mRNA level (data not shown).
GlP-1 receptor agonist exendin-4 promotes bile duct formation
To further address a potential role of GLP-1 in improvement of liver and biliary injury, 7 8 we treated Mdr2 −/− mice and WT mice fed with DDC 13 (as mouse models of sclerosing cholangitis) with exendin-4 as GLP-1 receptor agonist. 7 In both models, exendin-4 increased expression of CK19 and Ki67 (see online supplementary figures 6 and 8), while at the same time VCAM-1 and OPN remained unchanged (see online supplementary figures 7 and 9). 
Hepatology dIsCussIon
In this study, we uncover that the BA binding resin colesevelam reverses cholestatic liver and bile duct injury in the Mdr2 −/− mouse model of sclerosing cholangitis (figure 1 and online supporting figures 2 and 3). Our findings provide strong evidence that resins such as colesevelam may have important implications as potential therapeutic strategies for cholestatic liver disease beyond their role in the treatment of pruritus. In this study, we now provide a potential mechanistic explanation for anecdotal clinical observations that resins may in addition to itch also improve cholestasis. 1 Importantly, these mechanisms appear to be different from more costly and side effect prone ASBT inhibitors that recently were propagated for the treatment of cholestatic pruritus. 21 22 The improvement of the cholangiopathy in the Mdr2 −/− mouse subjected to colesevelam may at least in part be explained by interruption of the enterohepatic circulation with reduced output of potentially toxic BAs. 10 11 Importantly, faecal BA analysis showed profound increases in BA excretion due to colesevelam treatment and enhanced conversion of primary to secondary BAs (table 1) with subsequent effects on BA signalling in the gut. As such, we observed markedly increased GLP-1 expression in enteroendocrine L-cells ( figure 7A ) and elevated GLP-1 levels in portal blood of colesevelam fed Mdr2 −/− mice (figure 7B), pointing towards increased TGR5 activity as a result of increased formation of secondary BAs. Notably, enteroendocrine L-cell FXR activity and TGR5-mediated GLP-1 secretion appear to be inversely related. 5 6 Mice lacking FXR showed elevated levels of Proglucagon mRNA and elevated serum GLP-1 levels. 6 Moreover, colesevelam treatment of ob/ ob mice was found to inhibit Fgf15 mRNA expression in ileum (further arguing for reduced FXR activity) and increased colonic Proglucagon expression. 6 In line, in our study small intestinal and colonic FXR mRNA and protein expression was reduced in Mdr2 −/− mice subjected to colesevelam feeding while at the same time colonic GLP-1 expression and portal blood levels of this hormone were increased ( figures 5 and 7) .
GLP-1 released from the colon, entering the liver via portal blood, may bind to its receptor at cholangiocytes and modulate their adaptive response to cholestasis, by reducing cholangiocyte apoptosis while at the same time favouring their proliferation, thereby preventing ductopaenia, a unifying event in cholangiopathies. 7 8 23 This phenomenon would be predicted to protect cholangiocytes from BA-induced stress. GLP-1 docking to its receptor increases cAMP production, which results in an anti-inflammatory response due to the inhibition of NFκB and STAT1 expression, thereby reducing expression of inflammatory cytokines and chemokines as well as adhesion molecules such as Tnfα, Vcam-1 and Mcp1, 24 known to contribute the reactive cholangiocyte phenotype. 25 This hypothesis is at least partially supported by our findings in Mdr2 −/− mice as well as in DDC-fed WT mice which were injected with the GLP-1 receptor agonist exendin-4. In both mouse models, bile duct mass (CK19 expression and staining) as well as cell proliferation (Ki67 staining) were increased due to exendin-4 injection while at the same time, markers for the reactive (proinflammatory/profibrogenic) cholangiocyte phenotype (VCAM-1 and OPN) remained unchanged (see onlinesupporting figures 6-9). Stimulation of cholangiocyte proliferation without promotion of a reactive cholangiocyte phenotype could be viewed as a potentially protective mechanism counteracting ductopaenia. In addition to increased GLP-1 signalling, also changes in hepatic and biliary BA composition due to colesevelam feeding may add to the overall beneficial effect seen in livers of resintreated Mdr2 −/− mice. As such, colesevelam feeding led to a 'hydrophilisation' (thereby detoxification) of hepatic as well as biliary BA composition with predominance of taurine-conjugated α-MCAs, β-MCAs and ω-MCAs (figure 6). Interestingly, this 'hydrophilisation' was not seen in Mdr2 −/− mice treated with an ASBT inhibitor, 10 as reflected by the negligible concentration of biliary hydrophilic muricholic acid species while concentration of hydrophobic TDCA was increased. 10 In addition to differences of GLP-1 signalling between ASBT inhibition and resin feeding, these divergent effects on biliary BA composition may significantly contribute to the mechanistic differences between these two treatment strategies.
The divergent effects on GLP-1 secretion might be explained by the fact that in ASBT inhibition, largely unmodified BAs enter the colon which can be reabsorbed and then activate intracellular FXR-dependent signalling pathways reported to suppress GLP-1 expression. 6 Resin-bound BAs cannot be reabsorbed to the same extent and thus are still able to signal via the G protein-coupled receptor TGR5, thereby stimulating GLP-1 secretion. In line with this hypothesis, we found reduced colonic FXR expression in colesevelam-treated Mdr2 −/− mice ( figure 7C,D) , which could contribute to increased GLP-1 expression, 6 in addition control; p<0.05. BA, bile acid; CA, cholic acid; DCA, deoxycholic acid; MCA, mucholic acid; nd, not detectable; TCA, taurine-conjugated cholic acid; TCDCA, taurine-conjugated deoxycholic acid; TDCA, taurine-conjugated; deoxycholic acid; TCDCA, taurineconjugated chenodeoxycholic acid; TLCA , taurine-conjugated lithocholic acid; TαMCA, tauro-alpha-muricholic acid; TβMCA, tauro-beta-muricholic acid; TωMCA, tauro-omega-muricholic acid; TUDCA, taurine-conjugated ursodeoxycholic acid.
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to stimulation via TGR5. 26 Therefore, in the context of cholestatic liver disease, inhibiting FXR and stimulating TGR5 in the colon seems to have beneficial effects. Interestingly, colonic FXR expression remained unaffected in Mdr2 −/− mice treated with the ASBT inhibitor A4250 (data not shown). Together, these observations suggest that changes in colonic BA signalling are specific for the BA resin therapy in Mdr2 −/− mice and explained at least in part the more pronounced improvement of cholestatic liver injury in Mdr2 −/− mice in comparison to reported effects of ileal ASBT inhibitors. 10 11 Since BAs are potential regulators of microbiota, we performed a 16S rRNA analysis to determine microbiota composition. Although elevated concentrations of secondary BAs may implicate a shift towards the phylum Firmicutes (since they include bacteria responsible for secondary BA production 27 ), the abundance of Firmicutes remained unchanged under colesevelam treatment (see online supplementary figure 5A) and the class Clostridia (which contains bacteria exhibiting 7α-dehydroxylase activity) was even predominant in the untreated Mdr2 −/− control group (see online supplementary figure 5B). However, 7α-dehydroxylation is restricted to taurine-deamidated BAs. Indeed, primary BAs need to be deconjugated before transformation to secondary BAs. 28 In line, Mdr2 −/− mice fed with colesevelam have more unconjugated BAs in faeces than Mdr2 −/− control mice (Mdr2 −/− control mice 83% versus Mdr2 −/− mice fed with colesevelam 91%). Interestingly, the family Lactobacillaceae, containing the genus Lactobacillus which is known to exert BSH activity 20 was predominant in colesevelam-treated Mdr2 −/− mice (see online supporting figure 5B). Furthermore, increased BA deconjugation may also explain the elevated amount of the class δ-Proteobacteria which consists of bacteria having desulfatation properties, since taurine contains a sulfonic moiety, 20 which might represent a growth factor for these bacteria. In this context, δ-Proteobacteria produce hydrogen sulfide which was shown to have anti-inflammatory properties since it is relevant for the release of trefoil factor 3, which may play a key role in mucosal regeneration and repair processes, 29 although this is discussed controversially. 30 Another reason for increased concentration of faecal secondary BAs could be a prolonged transit time of resinbound BAs in the colon, which would provide the bacteria more time for metabolism of BAs.
Extending the use of BA sequestrants that have a longstanding and excellent safety track record may represent a cheap and readily available approach in the treatment of cholestatic liver injury beyond pruritus. Cholestyramine has been shown to improve liver enzymes in PSC patients. 4 Furthermore, BA sequestrants are the first-line treatment for BA-induced diarrhoea, 31 a side effect that was seen both in phase I and phase II clinical trials 22 with ASBT inhibitors. 21 While 'older resins' formulated as powders were poorly tolerated because of considerably large doses and poor taste, the newer compounds can be formulated as pills or gels which may improve patients acceptance and compliance.
In conclusion, our study demonstrates that interruption of the enterohepatic circulation of BAs with colesevelam improves sclerosing cholangitis in the Mdr2 −/− mouse by altering hepatic and biliary BA composition towards a more hydrophilic configuration. Moreover increasing faecal BA excretion and modulating the faecal BA composition towards more abundant TGR5 ligands results in increased colonic levels of GLP-1. Therefore, our results suggest that reduction of ileal BA reuptake by BA sequestrants may open new perspectives for pharmacological treatment of patients with cholangiopathies such as PSC.
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